A large fraction of stars are found in binary or multiple systems. This fraction is dependent on the mass of the primary (i.e., the more luminous of the two stars), and is about 40-50% for solar-like stars [73] and 70% for A stars [27] , while it is even higher for more massive stars (which are not considered in this chapter). When close enough, the stars in a binary system may interact through tidal forces, mass and angular momentum transfer. What is "close enough"? To answer this requires to introduce the concept of Roche lobe.
A large fraction of stars are found in binary or multiple systems. This fraction is dependent on the mass of the primary (i.e., the more luminous of the two stars), and is about 40-50% for solar-like stars [73] and 70% for A stars [27] , while it is even higher for more massive stars (which are not considered in this chapter). When close enough, the stars in a binary system may interact through tidal forces, mass and angular momentum transfer. What is "close enough"? To answer this requires to introduce the concept of Roche lobe.
To do this, we consider the simplified case of a system containing two stars, of mass M 1 and M 2 , in a circular orbit and with a separation a. Kepler's third law tells us that the orbital period P is then given by
where ω is the orbital angular velocity and G is the gravitational constant. If we assume that the two stars are points and that their rotation is synchronised with the orbital motion, the potential Φ in the rotating system with the centre of mass at the origin is given by
Here, x is along the line joining the two stars, while y is perpendicular to x in the orbital plane and z is perpendicular to the orbital plane, q is the mass ratio, q = M 1 /M 2 , and r i is the distance to star i, given by r i = (x − x i ) 2 + y 2 + z 2 , (7.3) and x 1 = 1/(1 + q) while x 2 = −q/(1 + q). In the above, we have assumed the usual normalisation, a = G = M 1 + M 2 = 1. Equipotentials as represented by Eq. 7.2 correspond to loci of constant pressure, which means that a star in a binary system will take their shape. An example of the resulting equipotentials in the orbital plane (z = 0) for a binary with a mass ratio of three is shown in Fig. 7 .1. There are five equilibrium points where the gradient of the potential is zero, and those points are called the Lagrangian points (L 1 , L 2 and L 3 are aligned on the x-axis and are unstable). The equipotential passing through the inner Lagrangian point L 1 is essential in the study of binary stars. It is called the Roche equipotential and it defines, around each of the two stars, a pear-shaped region, called Roche lobe. This region represents the maximum radius a star can reach before there will be mass transfer. If both stars are well within their Roche lobe, the system is called detached. In this case, both stars will mostly keep a spherical shape and there is a limited interaction between them. If either the separation between the two stars decreases (and thus the Roche lobes as well) or if the radius of the stars increases (due to stellar evolution), one of the star -generally the most massive as this is the one that will evolve faster -will fill its Roche lobe, taking a pear shape. The system is then semi-detached, and mass transfer takes place: material will flow from the Roche lobe filling star to its companion via the inner Lagrangian point L 1 . Such mass transfer is called Roche lobe overflow (RLOF). In some particular cases, e.g. in W UMa, the mass transfer results in both stars filling their Roche lobes and the system is then called in contact, both stars being surrounded by a common envelope [48] . Note that when the star fills a large fraction of its Roche lobe, tidal effects become very strong, and the star's rotation become synchronised with the orbital motion on a short timescale, while the orbit will quickly circularise as well. This justifies the assumptions made in the definition of the Roche lobe, although it is important to realise that they may not be always fulfilled.
The position of the L 1 point is given by [70] :
x L 1 = 1 1 + q − (0.5 + 0.227 log q).
(7.4)
One also usually defines the Roche lobe radius, R L as the radius of a sphere whose volume equals the volume of the Roche lobe itself. Some useful approximations for the Roche lobe radius around star 1 were derived by [68] from the values tabulated by [49] R L = 0.462 a q 1+q 1 3 q < 0.523 (7.5) 6) and, later, by [28] 
The Roche lobe radius around star 2 is obtained by replacing q by 1/q. Here, we will only deal with systems containing low-and intermediate-mass stars, i.e., stars in the range 0.8 < M < 8 M , as these are the only one relevant to blue straggler stars. The typical maximum radius such a star will reach on the first giant branch (RGB) is about 200 R for stars below about 1.3-1.5 M , but only 30 R to ∼ 100 R for stars between 2 and 3 M . On the other hand, the radius such stars can reach on the asymptotic giant branch (AGB) is of several hundreds of solar radii, especially during the last phases, when the AGB undergoes thermal pulses. In these cases, the maximum radius can reach up to 800 R for stars above 3 M . Thus, except for the less massive stars, a star can avoid to fill its Roche lobe if the initial orbital period is above, say, 50 to 200 days. For the less massive stars, Roche lobe overflow could in principle happen for periods up to 1000 days! And in all cases, RLOF could happen on the AGB -at least in the very last phases of this evolution -for orbital periods up to 10-20 years! We will see later, however, that even in this case, it is most likely that prior to the RLOF, there will be an extensive phase of wind mass transfer. Fig. 7 .1 for the case of a reduced effective gravity due to the mass loss by stellar wind. The gravity of the primary is multiplied by a factor 1. − f , where f takes the values 0, 0.33, 0.66, and 0.99. As can be seen, for large values of f , the shapes of the Roche lobes change dramatically, and one can no more define the usual Lagrangian points. This will affect the way matter is transferred from one star to the other.
The description above may need some modification when dealing with red giants. Such stars will indeed lose mass (see below) through stellar wind. The exact way this happens in AGB stars is still far from understood, although it generally assumes that pulsation is pushing material far enough away from the star for dust to condense and radiation pressure onto these dust grains will lead to the mass loss. This implies that the effective gravity of the star has been reduced -multiplied by (1 − f ), where f is an unknown factor between 0 and 1. This reduced gravity will change the shape of Roche lobes as already shown by [76] and more recently by [26] . Figure 7 .2 shows the effect this has on the equipotentials and thus on the way mass will be transferred. Whether this is actually taking place in binary systems is still open to debate.
Wind mass transfer
In this chapter, we are concerned with the case of detached binaries, that is, both stars are well within their Roche lobe. The case of Roche lobe overflow is covered in Chap. 8.
Being detached does not imply that there is no mass transfer. Indeed, stars undergo regular mass loss, via a stellar wind, and in such case, a fraction of the mass lost may also be captured by the companion, which will thereby gain mass and angular momentum. The Sun is losing mass at a rate of 10 −14 M yr −1 -a value too small to be of any interest in the evolution of binary stars. At such a rate, over 10 billion years only 10 −4 M would have been lost and if the Sun had a binary companion, only a fraction of it would have been accreted, hardly worth mentioning. But there are phases in the lives of solar-like stars where the mass loss by wind could be much stronger. Similarly, high mass, i.e. O and B, stars, experience much higher mass loss rates by wind.
Red giants with luminosity of 50-200 L have mass loss rates of a few 10 −10 − −10 −8 M yr −1 , while AGB stars will lose more, and in their final stages, as carbon stars, they may loose between 10 −7 M yr −1 and 10 −4 M yr −1 . Such massive mass loss will have quite an impact on the evolution of the binary system.
The Bondi-Hoyle-Lyttleton model
The simplest problem to consider in the framework of wind accretion is that of a star of mass M moving with velocity v ∞ in a homogeneous, uniform and inviscid cloud of density ρ ∞ . Far away from the object, the pressure forces will be small and the matter will follow a free Keplerian orbit. Approaching the gravitational mass, the particle trajectories are deflected and, behind the object, a region forms where particles collide and increase the density. In this region, pressure effects become important. This problem was first considered by [34] who studied the effect of in- Fig. 7 .3 Hoyle-Lyttleton representation of the wind accretion process: a star (indicated by the blue circle) moves inside a cloud of cold gas. The accretion radius is defined as the largest distance from the star, where the x-velocity behind the star (and the sole velocity after collision; indicated by the arrows) is equal to the escape velocity (represented by the bold arrows). All material within the accretion radius is supposed to be accreted by the star. terstellar matter accretion by the Sun on the Earth climate! They assumed a cold gas, and therefore neglected any pressure effect. In this model, gravitationally deflected material passing on one side of the star collides with material passing on the opposite side, thereby cancelling its transverse velocity and forming an "accretion line" behind the star. The material from this accretion line that has a velocity below the local escape velocity from the star will be accreted ( Fig. 7.3 ), leading to a mass accretion rateṀ HL :Ṁ 8) where the accretion radius R A is given by
This result is only valid for hypersonic flows, i.e., v ∞ c ∞ , the sound velocity at infinity. Later, Bondi & Hoyle [20] included some limited pressure effects (making the accretion line, an "accretion column"), and showed that Eq. 7.9 is an upper limit, and that the actual accretion rate is given bẏ
where α is an efficiency parameter of the order of unity. Physically, α represents the location of the stagnation point in units of the accretion radius. In the Bondi & Hoyle formalism, this position cannot be determined exactly. Bondi [19] studied the complementary case of a pressure dominated flow, namely a stationary, spherically symmetric accretion with v ∞ = 0. The accretion rate in a steady state is not uniquely determined but the model does provide a maximum accretion rateṀ B :Ṁ 10) where the Bondi radius is given by Eq. 7.9 but with the sound speed at infinity c ∞ replacing v ∞ . Here λ ranges between 0.25 and 1.12, with the exact value depending on the polytropic index of the gas. Bondi then proposed an interpolation formula for the intermediate cases, which is the most widely used Bondi-Hoyle accretion rate:
where
The theoretically predicted accretion rateṀ BH in the Bondi-Hoyle model has been extensively tested against numerical simulations by, e.g., [5, 36, 37, 52, 53, 75, 77] . These show that the accretion line is only present transiently as, soon, pressure effects will create a shock upstream of the star (Fig. 7.4) . Still, the theoretical and numerical rates agree to within 10-20%.
When dealing with binary systems, Boffin & Jorissen replaced v ∞ by v 2 w + v 2 orb , where v w is the wind speed and v orb is the orbital velocity. The density ρ ∞ is computed from assuming a spherical mass loss from the primary and averaging over one orbit,Ṁ w = 4πρ ∞ a 2 √ 1 − e 2 v w . This then leads to a mass transfer rate, β :
(7.12)
One can see that in the case of a fast wind (the only case when this equation is formally valid), v 2 w v 2 orb + c 2 , we have
while in the opposite case, 14) which could lead to the unphysical case β > 1.
Wind accretion in binary systems
The Bondi-Hoyle formulation (Eq. 7.12) is very widely used -in particular in population synthesis calculations, despite the fact that, while it may be valid when the orbital velocity is much smaller than the wind velocity, i.e. in ζ Aurigae and O-type binaries, it has been shown since two decades that it does not apply to binary systems containing a red giant. In such systems indeed, and unless the system is very wide, the wind velocity (5-30 km/s, depending on the evolutionary stage) of a red giant is smaller than or of the order of magnitude of the orbital velocity, and the binary motion becomes important in determining the flow structure. This, has in turn, also a big impact on the mass accretion rate. This was first shown by Theuns, Boffin & Jorissen [13, 78, 79] who clearly demonstrated that the flow structure of a mass-losing AGB star in a 3 AU system was very different from what one expects for a Bondi-Hoyle accretion flow ( Fig. 7 .5), with the presence of a large spiral. Such spirals have since then been detected observationally by HST in the carbon star AFL3068 [65] and with ALMA in R Scl [54] . Such a different flow structure also impact the mass accretion rate and Theuns et al. [78] found a mass accretion rate β of the order 1% in the adiabatic case, and 8% for the isothermal case. In the adiabatic case, this is about ten to twenty times smaller than the theoretical estimates based on the Bondi-Hoyle prescription, i.e. α ∼ 0.05 − 0.1.
A more extensive study was done by [66] who explored the full parameter space, varying the wind velocity with respect to the orbital speed, in the case of q = 1 ( Fig. 7.6 ). They characterised the flow by the mean normal velocity of the wind on the critical Roche surface of the mass-losing star, v R . When v R < 0.4v orb , they obtained Roche-lobe over-flow (RLOF), while for v R > 0.7v orb they observed wind accretion. Very complex flow patterns in between these two extreme cases were found. They also found that mass accreted by the accreting star is roughly a factor 5 smaller than what would be naively deduced from the Bondi-Hoyle-Lyttleton formalism ( Fig. 7.7) .
For low v R , they constructed an empirical formula for the mass accretion ratio given by
For larger v R they obtain another empirical formula for the mass accretion ratio
indicating that in the case q = 1 they studied, α = 0.2 in Eq. 7.12.
EXPLORING THE PARAMETER SPAC
Example:"q=
Varying"win with"respec orbital"spee Numerical simulations of mass transfer in a binary system, for various wind speed, v w , in units of the orbital velocity. The low velocity case shows resemblance to a Roche lobe overflow, although mass also escape through the outer Lagrangian point, while the higher velocity case are reminiscent of ζ Aurigae systems. Adapted from Nagae et al. [66] . Mass accretion ratio
Chemical pollution
The accretion of material from an evolved star, whose surface composition has been modified from its initial composition (which we can safely assume is also the one of its companion), will lead to chemical pollution. This is for example the case if mass is transferred from an AGB star which already went through thermal pulses and is enriched in carbon and s-process elements. As shown by [9, 78] , the pollution of the envelope of the accreting star depends on
• the amount of mass ∆ M 2 accreted from the wind,
• the dilution factor, F , of the accreted matter in the envelope of mass M 2,env , i.e.,
, and • the difference in chemical composition between the accreted matter and that of the envelope.
Note that one can generally safely assume that the accreted matter has been fully mixed in the envelope. The overabundance f i of element i in the envelope of the accreting star (i.e., the ratio between the abundance after completion of the accretion and mixing processes, and the abundance in the primordial envelope) is related to its overabundance g i in the wind (i.e., in the AGB atmosphere) through the relation
Orbital parameters evolution
The mass lost from the system, carrying with it angular momentum, and the mass transferred from one star to the other, will lead to a change in the orbital parameters. Boffin & Jorissen [9] presented a first analysis of this changes, based on the formalism of [35] . This was revisited by [78] who derived:
19) 20) where F y is the tangential component of the total force, including gravity and accretion of linear momentum. Karakas, Tout & Lattanzio [47] propose a different set of equationṡ
21)
In the approximation that little mass is gained, i.e.Ṁ 2 ≈ 0, the above equations lead to a widening of the orbit and no change in eccentricity. This is what lead Boffin et al. [7] to propose that barium stars have evolved from normal red giants at constant eccentricity, and only their orbital period increased. The resulting change in orbital period according to Eq. 7.21 for no mass accretion is thus
where it is assumed that M 2,0 = M 2 . Thus, assuming an initial binary system containing a 3 M AGB star and a 1.5 M companion with an initial period of 3 years (to avoid Roche lobe overflow by the AGB), leads to a final orbital period of 13.77 years when the AGB became a 0.6 M white dwarf. It is therefore difficult to explain the orbital periods below 10 years by such mechanisms. To explain shorter systems, one would thus need either to have consequent mass accretion or to have extra angular momentum loss (see Sect. 7.3.4). If there is mass accretion, then the variation of the period is given by (assuming e = 0) 
Spin-up of accretor
The companion star may accrete spin angular momentum from the wind, which may alter its rotational velocity. Packett [67] showed that a star needs to accrete only a few percent of its own mass from a keplerian accretion disc to be spun up to the equatorial centrifugal limit, essentially because stellar moments of inertia are generally much smaller than MR 2 . Theuns et al. [78] found that in their simulations of wind accretion in a binary system there is a net accretion of spin momentum, in such a way that the accreting star tends to be spun up if it is in synchronous rotation to begin with (see also [40] ). This could explain the rapid rotation of some barium stars, such as HD 165141 [44] , as well as the barium-enriched central stars of planetary nebulae (see Sect. 7.4.3).
Angular momentum loss
As shown above, an isotropic mass loss from the mass-losing star without any accretion will lead to an increase in the semi-major axis. When the angular momentum loss is large enough, however, Hachisu et al. [33] showed that the system can shrink. They use this property to provide a wider channel for symbiotic systems to become Type Ia supernovae. The symbiotic binary system they consider consists of a white dwarf and a mass-losing red giant. If the white dwarf accretes enough of the wind from the giant, it could reach the Chandrasekhar limit and explode as a Type Ia supernova. An essential part of the validity of this single-degenerate channel resides in the fact that the required close white dwarf -red giant binary can form from a very wide binary. They reach their conclusion after noticing that a system, where one of the components has a wind whose velocity is smaller or on the order of the orbital velocity, takes away the orbital angular momentum effectively, hence shrinking the orbit. Jahanara et al. [39] made detailed three-dimensional hydrodynamic calculations of mass transfer in an interacting binary system in which one component undergoes mass loss through a wind, for various values of the mass ratio. They were particularly interested in looking at the amount of specific angular momentum of gas escaping the system (l w ) in order to see if the scenario of Hachisu et al. was valid.
The isotropic mass loss assumes that l w ≡ l w,s = 1/(1 + q) 2 , easily derivable from assuming that all the mass lost carries the angular momentum of the mass-losing star. Jahanara et al. found (Fig. 7.8 ) that for high wind velocities one reaches such limiting value for mass ratios smaller than one, they obtain larger values than predicted -by a factor two for q = 3 and a factor of five for q = 7. For low wind velocities, moreover, the specific angular momentum does not vary greatly as a function of the mass ratio and is much higher than the value predicted by this simple formula. They obtain the following fit for the specific angular momentum loss :
loss l w is plotted against the outflowing velocity on the critical Roche surface V R for the 1/3, 1, and 3, are examined. The specific angular momentum loss l w decreases from about ind type flow). For very fast wind, i.e., when V R > 2, all the cases approach an asymptotic loss l w is now shown as a function of the outflowing velocity on the surface of the mass-93). The changes firm the tendency han the generally t of changing the . This is compres, gas first needs nity of the inner to Type Ia supersisting of a white te dwarf accretes e Chandrasekhar hannel resides in the fact that the required close white dwarf -red giant binary can form from a very wide binary. They reach their conclusion after noticing that a system where one of the components has a wind whose velocity is smaller or on the order of the orbital velocity takes away the orbital angular momentum effectively, hence shrinking the orbit.
To see this, we can write the variation of the semi-major axisȧ as a function of the angular momentum lossJ:
whereṀ 2 andṀ 1 are the mass loss and accreted, respectively. Writing the angular momentum loss,J, in function of the dimensionless specific angular momentum loss, l w , i.e. Reproduced with permission from Jahanara et al. [39] .
where v R is the velocity of the gas at the Roche radius. The possibility that the specific angular momentum loss can be much larger than the canonical value has important consequences on the variations of the orbital parameters. We can write the variation of the semi-major axisȧ as a function of the angular momentum lossJ (for e=0):
Writing the angular momentum loss,J, in function of the dimensionless specific angular momentum loss, l w , i.e.J = l w a 2 Ω (Ṁ 1 +Ṁ 2 ), we have:
Neglecting the mass accreted, we havė
With a value of l w ∼ 1, the function in front ofṀ 1 /M 1 would be positive, hence the orbit would shrink, becauseṀ 1 < 0. As seen above, l w ≈ 1 is a plausible value for low wind speed flows. From Eq. 7.29, 30) so that for the system to shrink we need to have L(q) > 0 and, hence,
From the results of the numerical simulations of [39] , as shown by Eq. 7.26, it appears that the system would shrink -when assuming no mass accretion -when the wind speed at the Roche lobe is smaller than about one (q = 1) and three (q = 3) times the orbital velocity. One can also show that the conclusion still holds, when the mass ratio is larger or equal to one, when mass accretion is taken into account. This makes the symbiotic channel for Type Ia supernovae a plausible one and could also dramatically help explain the existence of Barium stars and other Peculiar Red Giants with orbital periods below, say, 1000 days (see, e.g., [1] ).
It still remains to be seen what would be the evolution of the eccentricity caused by this specific angular momentum loss, but in any case, it seems clear that binary population synthesis codes should take these corrected values for mass accretion and angular momentum loss into account when trying to explain post-AGB systems.
The zoo of Peculiar Stars

Barium and related stars
Barium stars constitute about 1% of G-K giants that show in their spectra a very strong BaII 4554 line. The group was defined by [3] from inspection of low resolution spectrograms. These authors also called attention to some other prominent features in the spectra of those stars, namely the enhancement of all BaII lines, of the 5165 C 2 band, as well as of the G-band due to CH. In addition, some bands of CN are also enhanced. An index of the strength of the BaII 4554 line has been introduced by [83] : the line strength is estimated visually on a scale from 1 (weak) to 5 (strong). Abundance analyses of the atmosphere of barium stars have shown that elements with Z ≤ 38 behave as in normal giants, except carbon which is enhanced. Heavier elements up to Ba (Z=56) are enhanced, and still heavier elements are generally not enhanced. This is the typical behaviour expected from the s-process, one of the two processes of neutron captures on iron-peak elements. The s-(or slow-) process takes in particular place during the thermal pulses on the upper-Asymptotic Giant Branch (AGB).
CH stars present also strong bands of CH, the enhancement being larger than in barium stars. Most of the metallic lines are weakened, but heavy elements are enhanced. Other carbonated molecules, like C 2 and CN are also strengthened.
In S stars, the BaII lines are enhanced, as are the SrII lines. However, S stars are of later type than the barium stars (around M0) and, therefore, exhibit ZrO bands.
F str4077 stars were discovered by Bidelman [2] on the basis of objective-prism spectra. Those F-type main sequence stars have normal or deficient abundance of the iron-peak elements, but overabundance of the s-process elements. They are now commonly included, together with CH subgiants, in the class of dwarf barium stars [51] . Other carbon-rich dwarfs are also known (see, e.g., [32, 38, 50] ). In barium stars, the overabundance of s-process elements over the solar value, ranges from a factor 2 (mild barium stars) to a factor 30 (strong barium stars). In CH stars, this enhancement is still larger, up to 100 sometimes.
Thus barium and related stars present carbon and s-process element enhancements, which are typical of evolved AGB stars, but they are in an evolutionary stage prior to the AGB. This apparent paradox can be solved only by assuming that these peculiar stars are all binaries. And indeed, in the early 80's, McClure, Fletcher & Nemec [55] found that barium stars seemed to belong to binary systems, a conclusion further confirmed by [42, 43, 45] and [56] . These systems have orbital periods in the range 80 days to several years. Jorissen & Mayor [43] also found that nonMira S stars are predominantly binary systems with similar periods. The companion in these systems are all thought to be white dwarf, i.e., the remnant of a former AGB [15, 84] . As clearly emphasised by Eggleton [29] , Barium stars have a claim to be considered the most important class of binaries to have emerged in the last few decades. This is partly because their putative progenitors are intrinsically common, and partly because they themselves are quite common, i.e. they appear to have to be the fairly normal outcome of evolution in a binary with period in the range 1-10 yrs.
A striking property of barium stars is that they have non-circular orbits, even though they have eccentricities smaller than normal systems [12, 7] . at the sample of red giants in open clusters [57] , we can see that all the shortest period systems have disappeared due to RLOF -they will have undergone mass transfer and most likely a common envelope phase (see Chap. 8), and the red giant is now stripped of its mass and appears as a (He) white dwarf. The circularisation period has increased given the larger radii of red giants and, although there is a general trend for longer systems to be more eccentric, the eccentricity is quite large on average. A few systems occupy the large P -small e region in the plane, and this is most likely because these are post-mass transfer systems, containing a red giant and a white dwarf. The third panel shows the diagram for barium stars and it is clear that although most systems are not circularised, the average eccentricity is much smaller than for normal giants. Several systems also occupy the large Psmall e region. The fact that the orbits of barium stars are generally not circularised may indicate that these systems avoided a phase of RLOF, or that some eccentricitypumping mechanism was excited after the RLOF. It is very interesting to compare the e − log P diagram of barium stars with that of blue straggler stars in NGC 188, as shown in Fig. 3 .2 in Chap. 3. The striking resemblance may point to a common origin for these blue straggler stars and barium stars. In this respect, it would be useful to know if any of the blue straggler stars in NGC 188 are s-process and/or carbon enriched.
Boffin & Jorissen [9] devised a model of wind accretion from an AGB star to explain barium and related stars. They assumed a binary system with a wide enough orbit in which the AGB star is transferring mass via a stellar wind to a main sequence companion which becomes polluted in carbon and s-process elements. The AGB then evolves into a white dwarf while the companion will appear as a carbon or barium dwarf and, when on the giant branch, as a peculiar red giant. This model seems to reproduce the bulk properties of bariums stars [14, 42] , although there is still a debate in the literature as to how these systems avoided RLOF and have their current non-zero eccentricity. The discussion above as shown, however, that it is possible to end up with the current orbital periods, even if the progenitors systems were much wider, and several studies have also shown that it is possible to reproduce the eccentricity distribution of barium stars [16, 47] .
The important features of the Boffin & Jorissen wind accretion model is that it is able to explain:
• the existence of barium stars with very long orbital periods;
• the existence of a weak correlation between s-process enhancement and orbital period; • the non-circular orbits of long period systems; and • the existence of dwarf barium stars.
Boffin & Jorissen assumed the Bondi-Hoyle mass accretion rate, Eq. 7.12 (in fact, they implemented the idea!). Boffin & Zacs [14] showed, however, that even if the mass accretion rate was lower than that derived by this approximate formula, i.e., of a few percents only as shown above, it was still enough to explain the pollution of most barium stars. The initial model of Boffin & Jorissen [9] fails, however, to explain most small period barium star systems with orbital period below, say, 1000 days. The existence of such systems was always a problem since if one takes the value of the specific angular momentum given by the spherically symmetric wind, one finds that the system will widen. Things changes when one takes into account the specific angular momentum loss as computed by Jahanara et al. [39] . If the present system has a period below 1000 days, say, then for typical masses in a barium system, its present separation is roughly 2.5 AU, implying with the canonical value of l w,s an initial semi-major axis of less than 1 AU. This is too small to hope to fit an asymptotic giant branch star without having Roche-lobe overflow. With the value of the specific angular momentum loss found by [39] , the system did not expand, but instead shrank by a factor 3 to 10, depending on the ratio of the wind speed to the orbital velocity. Interestingly, Brookshaw & Tavani [21] also emphasise the importance of angular momentum loss in the evolution of binary systems and the fact that the often used approximation l w = l w,s can lead to wrong conclusions, in particular in X-ray binaries.
Symbiotic stars and the case of SS Lep
Symbiotic stars are a class of bright, variable red giant stars, whose composite spectrum present typical absorption features of a cool star on top of strong hydrogen and helium emission lines, linked to the presence of a hot star and a nebula. It is now well established that such a "symbiosis" is linked to the fact that these stars are active binary systems, with orbital periods between a hundred days and several years. Symbiotic stars are de facto the low-and intermediate-mass interacting binaries with the longest orbital periods and the largest component separations. They are thus excellent laboratories to study a large range of very poorly understood physical processes [58] .
One of the main questions related to symbiotic stars is how the mass transfer takes place: by stellar wind, through Roche-lobe overflow or through some intermediate process? Answering this question indeed requires being able to compare the radius of the stars to the Roche lobe radius. Optical interferometry can achieve this and in particular Blind et al. [4] used this unique ability to study in unprecedented detail the interacting binary system SS Leporis.
SS Leporis is composed of an evolved M giant and an A star in a 260-day orbit, and presents the most striking effect of mass transfer, the "Algol" paradox; that is, the M giant is less massive than the A star. The latter is unusually luminous and surrounded by an expanding shell, certainly as the result of accretion. The observation of regular outbursts and of ultraviolet activity from the A star shell are further hints that mass transfer is currently ongoing.
SS Lep was observed during the commissioning of the PIONIER visitor instrument at the Very Large Telescope Interferometer. Blind et al. were able to detect the two components of SS Lep as they moved across their orbit and to measure the diameter of the red giant in the system (∼ 2.2 milli-arcseconds). By reconstructing the visual orbit and combining it with the previous spectroscopic one, they could further constrain the parameters of the two stars.
The M giant is found to have a mass of 1.3 M , while the less evolved A star has a mass twice as large: thus a clear mass reversal must have taken place, with more than 0.7 M having been transferred from one star to the other. The results also indicate that the M giant only fills around 85 ± 3% of its Roche lobe, which means that the mass transfer in this system is most likely by a wind and not by RLOF. It is useful to note that given the rather low mass loss from the giant in SS Lep, the Roche lobe will not be much affected, as the f parameter (cf. Sec. 7.1) is most likely only of order 0.01-0.1, leading to a decrease of the Roche lobe by 1 to 4% only.
Podsiadlowski & Mohamed [71] suggest the possibility of a new mode of mass transfer -the wind Roche lobe overflow -where a slow wind fills the Roche lobe. This is in effect the low wind velocity case of Nagae et al. [66] ; see Fig. 7 .6. Because the wind speed in M giants is rather small (around 10-15 km/s) and lower than the orbital one for SS Lep (v orb = 48 km/s), we expect it to be in the particular case of a wind Roche lobe overflow, where a substantial part of the stellar wind can be accreted. The simulations of Nagae et al. show that at least 10% of the M giant wind could be accreted in SS Lep. Abate et al. [1] find much larger mass transfer, up to 50%. The mass transfer cannot be fully conservative though, as matter will generally also escape through the outer Lagrangian point.
However, it is still difficult to explain the current system state with normal stellarwind rates, which are too low. Indeed, before the AGB phase, the typical massloss rates are around ∼ 1 − 2 × 10 −8 M yr −1 at the normal (e.g., Reimers) rate. The M giant (with an expected initial mass > 2.2 M ) should have lost only a few hundredths of a solar mass before reaching the AGB, whereas we expect it to have lost at least 0.9 M . As the M star is on the AGB since only a few million years -and will stay there for a few million years more at most -it cannot have lost much mass since then. There is, however, some evidence of enhanced wind mass loss of giants in binaries compared to single giants of the same spectral type [41, 58] . From a theoretical point of view, the presence of a companion reduces the effective gravity of the mass-losing star, thus enhancing the mass loss. In the case of SS Lep, the superbly called companion-reinforced attrition process ("CRAP") of tidally enhanced stellar wind [80] allows a mass loss rate 150 times higher 1 than the Reimers rate, i.e. ∼ 2.4 × 10 −6 M yr −1 . Quite noteworthy, Bonačić Marinović, Glebbeek, & Pols [16] and Karakas, Tout & Lattanzio [47] also had to invoke some tidally-enhanced mass loss from the AGB star to provide an explanation for the eccentricities of most barium star systems. And so did Abate et al. [1] to explain carbon-enhanced metal-poor stars.
Blind et al. were able to reproduce the current state of SS Lep, when including wind RLOF and the CRAP. They started with a system having an initial period of 160 days and initial masses M M,0 = 2.28 M , M A,0 = 1.85 M . For about 1 Gyr, the system evolves without much change, and the primary star starts its ascent of the AGB. After 2.8 Myr, the masses and period have reached the currently observed values, with about 0.1 M having been lost by the system, and forming some circumbinary disc. The mass loss and transfer occurred mostly during the last 500 000 years, with a mass loss ∼ 10 −6 M yr −1 . During the whole process, the Roche lobe radius around the M star remained similar, the lowest value being 74 R . No RLOF 1 The CRAP supposes that the typical mass loss,Ṁ R , is tidally enhanced by the companion and Tout & Eggleton [80] propose the following ad hoc formula: should thus have happened, unless the initial eccentricity was very high. More detailed simulations (L. Siess, priv. comm.) seem to question the exact details of this scenario, but it should be working in a broad sense. Boffin et al. [8] conducted a mini-survey of symbiotic stars with PIONIER and found that for the three stars with the shortest orbital periods (i.e., HD 352, FG Ser and HD 190658), the giants are filling (or are close to filling) their Roche lobes, while the other three studied stars (V1261 Ori, ER Del, and AG Peg) have filling factors in the range 0.2 to 0.55, i.e., the star is well within its Roche lobe. They also tentatively propose [6] that the systems which apparently fill their Roche lobes are those that contain a main-sequence companion or a helium white dwarf (WD), and not a carbon/oxygen (CO) WD. 
The Fellowship of the Ring
A small group of planetary nebulae (PNe) are known to harbour binary central stars where a subgiant or giant companion is enriched in carbon and s-process elements (see [10, 62] and ref. therein). These are the progenitors of the barium stars, caught during the short-lived phase (∼ 10 4 yr) when the PN ejected by the white dwarf is still visible. These cool central stars are those of the (unfortunately) denominated A 35-type [17] . The initial list included A 35, LoTr 1 and LoTr 5 which have rapidly rotating sub-giants or giants accompanied by very hot white dwarfs peaking at UV wavelengths (T eff ≥ 100 kK). Since these initial discoveries, Bond, Pollacco & Webbink [18] added WeBo 1 to the list while Frew [30] raised suspicions that the nebula of A 35 may not be anymore a bona-fide PN, even if it is likely to have passed through a PN phase at some stage to create the stellar abundances currently observed (hence, the group should be named differently!). Further additions of HD 330036 and AS 201 may be drawn from barium enhanced yellow or D'-type symbiotic stars which show extended nebulae, but the classification of such objects as PNe is controversial [23, 46] . On the other hand, Tyndall et al. [81] showed that the cool central star of LoTr 1 is not enhanced in barium and is therefore not a real member of the group. It is also interesting to note that van Winckel [82] reported the first detection of orbital motion in LoTr5. Despite a 1807-day coverage, a full period was not yet covered, indicating that the orbital period may be as much as 10 years. This makes for a direct link with barium stars.
Miszalski et al. [62] present UV and optical observations of the diamond ring PN A 70 (PN G038.1−25.4) that prove the existence of a barium star binary CSPN. The apparent morphology of A 70 is that of a ring nebula, although on closer inspection the [O III] image shows a ridged appearance similar to Sp 1 which is a bipolar torus viewed close to pole-on.
More recently, Miszalski et al. [63] also showed that the cool central star of the planetary nebula Hen 2-39 ( Fig. 7.10 ) is carbon and s-process enriched. Weak Ca II K emission is detected, indicating some chromospheric activity may be present. Time-resolved photometry revealed a short-term periodicity, indicating that the nucleus of Hen 2-39 is a fast rotating giant (with a period of a few days), consistent with the periods found for similar stars. These include 5.9 d for LoTr 5 and 4.7 d for WeBo 1. A rotation period of 6.4 d was also determined for LoTr 1 [81] . Given our discussion in Sect. 7.3.3, one could conjecture that these stars were spun-up during a wind accretion phase.
A significant carbon enhancement of [C/H] = 0.42 ± 0.02?dex is required to fit the observed spectrum of Hen 2-39. The iron abundance was found to be close to solar while barium is clearly overabundant, [Ba/Fe] = 1.50 ± 0.25 dex. Miszalski et al. [63] found that it was possible to reproduce such pollution, using 1.8 M as the initial mass for the AGB star and assuming that the polluted star accreted about 0.5 M from it during the last thermal pulses. This implies quasi-conservative mass transfer at this stage.
The nebula shows an apparent ring-like morphology as also seen in the other PNe with barium CSPNe, WeBo 1 and A 70. It seems therefore clear that the morphology must be the outcome of the mass transfer episode -most likely by wind -that led to the pollution of the cool central star in carbon and s-process elements. As such, LoTr 5, WeBo 1, A 70, and Hen 2-39 belong to a Fellowship of the Ring, all progenitors of barium stars. Their further study should bring detailed knowledge on the wind mass transfer. Moreover, the short time spent during the PN phase makes barium CSPNe a potentially very powerful platform for studying AGB nucleosynthesis in that we simultaneously see both the polluted s-process-rich cool star and the nebula ejected by the polluting star.
Evidence for wind accretion before common-envelope evolution
The existence of barium central stars to planetary nebulae constitutes the only firm evidence for mass transfer and accretion onto non-WD companions in PNe. Observations of close binary central stars, i.e. those that have passed through a commonenvelope (CE) phase and have orbital periods less than ∼ 1 − 2 d (e.g., [25, 60] ), show no evidence for rapid variability (flickering) or spectroscopic features that could be attributed to accretion. The presence of collimated outflows or jets surrounding several systems (e.g., [11] ) possibly launched from an accretion disc that is no longer present may be indirect evidence for accretion, either prior to the common envelope phase via wind accretion from the AGB primary, during the start of the CE infall phase or perhaps even after the CE phase. Long-slit observations of some jets around post-CE nebulae indicate the jets were probably ejected before their main nebulae [11, 24, 59, 61] . Another fundamental clue comes from point-symmetric outflows of PNe. Simulations can recreate these complex outflows with a precessing accretion disc around the secondary launching jets (e.g., [22, 72] ). While there are multiple examples of such PNe, none were known to have a binary nucleus until the landmark discovery of a post-CE binary nucleus in the archetype of this class Fleming 1 [11] . The characteristics of Fleming 1 indicate that wind accretion (with the formation of a disc) must have happened before a CE episode.
However, the clearest proof for accretion would be a polluted main-sequence companion with an atmosphere strongly enriched by accreted material. Miszalski, Boffin & Corradi [64] report the detection of a carbon dwarf secondary in the post-CE central star binary in the Necklace planetary nebula (PN G054.2−03.4) as the first firm proof for a previous accretion phase. These authors found that to reproduce the observed carbon enhancement, they need to accrete between 0.03 and 0.35 M , depending on the mass of the star, in a binary system with initial orbital period between 500 and 2000 days. The current period of the system, 1.16 d, clearly proves that the system underwent a common-envelope phase. The most advanced simulations of the spiral-in part of the CE phase by Ricker & Taam [74] and Passy et al. [69] predict a negligible amount of mass accretion 10 −3 M . The accretion is therefore most likely to have occurred before the CE phase via wind accretion, a process that simulations predict to form an accretion disc around the companion (e.g. [78] ). Since the jets of the Necklace are also observed to be older than the main PN [24] , they were probably launched from such a disc.
The initial period estimated for the system is typical of symbiotic stars, where substantial wind accretion on to companions is known to occur. A small CE efficiency would then produce a dramatic decrease in the orbital period to the current value. The Necklace nebula is therefore a real Rosetta Stone for the study of mass transfer.
